Background The impact of hip arthroscopy on healthrelated quality of life (HRQoL) among younger patients with symptomatic femoroacetabular impingement (FAI) is unknown, but with increasing recognition of the condition there is likely to be increasing demand for arthroscopy. Questions/purposes We describe an approach to determine the incremental cost-effectiveness of hip arthroscopy compared with observation in patients with FAI; we also identified variables that influence its cost-effectiveness.
Introduction
Femoroacetabular impingement (FAI) is a theorized causative factor in the pathophysiology of osteoarthritis (OA) resulting from abnormal shape of the femoral head and neck (cam-type) and/or the acetabulum (pincer-type) that results in repetitive microtrauma to the acetabular labrum and articular cartilage [7, 18, 23] . Hip arthroscopy has emerged as a minimally invasive approach to correct these bony abnormalities as well as their sequelae that may be precursors to OA. Specific techniques reported in the literature include femoral osteoplasty for cam-type FAI [3, 7, 18, 25] , acetabular rim-trimming for pincer-type FAI [26, 40] , labral débridement [8, 22, 29, 30, 33] and repair [24, 28] , and osteochondral defect débridement and microfracture [18, 27, 36] .
The efficacy of hip arthroscopy as a tool to prevent or delay the progression to OA and/or the need for THA among younger patients with FAI is unknown. In the longest followup available at a minimum of 10 years, Byrd and Jones reported improvement in the Harris hip score of at least 18 points among 15 of 18 patients without arthritis in contrast to seven of eight having conversion to THA in patients with prearthroscopy arthritis [8] . However, the study was conducted before the recognition of FAI and specific techniques designed to address it. More recent studies suggest improvements in the Harris hip score ranging from 9 to 27 points at 2-to 3-year followup with conversion to total hip in 0% to 9% of cases [21, 26] . However, these studies are limited by a small sample size, lack of a control group, and short-term followup.
Although these data suggest improvement in pain and function assessed by the Harris hip score, it is unclear if the magnitude and duration of benefit are substantial enough relative to the cost to warrant more widespread use of the procedure. We therefore believe it is important to estimate the cost-effectiveness using quantitative techniques to compare arthroscopy with other accepted surgical techniques. In addition, sensitivity analyses can be used to identify critical unknown variables that may help guide future clinical study.
A Markov process is one approach to modeling in decision analysis when empirically observed cost and quality of life are not available. The model approximates a disease process using a discrete set of health states. A hypothetical patient cohort transitions through the model, moving from one health state to another with each cycle based on probabilities estimated from the literature. As the cohort passes through the model, the costs and benefits are accumulated based on preset values for each health state.
A first-order Monte Carlo simulation is a related technique that can use the same model structure as the Markov model. It is distinguished by modeling individuals rather than a cohort, which allows for incorporation of individual histories such as a unique THA failure rate depending on the age at the index surgery. This is accomplished by running thousands or millions of ''simulations'' in which individuals pass through the model, each following a unique path rather than the entire cohort passing through simultaneously. The downside of Monte Carlo simulation is that a considerable amount of transparency is lost, making it more difficult to validate and debug. We therefore elected to rely primarily on Markov modeling techniques but used Monte Carlo simulation to test certain assumptions made for the Markov model.
The purpose of this study is to describe an approach 1) to estimate the incremental cost-per quality-adjusted life-year (QALY) of hip arthroscopy relative to observation using a Markov model with inputs derived from the available literature; and (2) use sensitivity analyses to identify variables with the strongest influence on the incremental cost-effectiveness ratio.
Patients and Methods
The study was designed according to the guidelines outlined by the Panel on Cost-effectiveness in Health and Medicine [35, 38] . A Markov model to estimate the cost and utility gained from hip arthroscopy was constructed using Treeage Pro 2009 (Treeage Software, Williamstown, MA). The cohort considered for analysis was a 36-year-old population with symptomatic FAI. This population was selected based on a weighted average of mean ages for patients in outcome studies identified [3, 7, 18, 23, 26] . The two strategies considered for comparison were (1) hip arthroscopy followed by THA in the event of progression to end-stage arthritis; and (2) observation followed by THA in the event of progression to end-stage arthritis. The primary outcome considered was the incremental costeffectiveness ratio (ICER), which in this case is the net cost of hip arthroscopy divided by the net benefit ( Fig. 1 ). Health benefits are expressed quantitatively using QALYs, the product of the utility and duration of a health state. Utility is a term from economics that expresses individual preference for a given health state and ranges from 0 (equivalent to death) to 1 (equivalent to perfect health). Utility is calculated by assessing individual's willingness (or preference) to accept a tradeoff between the health state and death. One can equate this to the quality of life, as states with better quality of life are likely to be more preferable, but preference is unequivocally the most accurate definition for utility.
A total of eight discrete health states were included in the model (Fig. 2 ). In the observation group, all patients begin with fair hip function, which is defined as the state of hip pain and function in untreated symptomatic FAI. Poor hip function represents the state of hip pain and function equivalent to end-stage arthritis, and these patients were predicted to undergo THA. Good hip function is defined as the state of hip pain and function that occurs after the treatment of symptomatic FAI with hip arthroscopy. We estimated these patients progress to poor hip function at a rate of 3.3% per year. This estimate was derived from a study by Bardakos and Villar, who observed progression of arthritis in one-third of patients with symptomatic FAI Fig. 1 The incremental cost-effectiveness ratio (ICER) is the ratio of the net benefits and the net costs. QALY = quality-adjusted life-year. treated nonoperatively over 10 years [4] . To explore the impact of hip arthroscopy among patients with more advanced arthritis, a higher rate of progression resulting in the need for THA in 90% of cases in 10 years was used, similar to a subgroup of patients with more advanced arthritis who underwent hip arthroscopy in a study by Byrd and Jones [9] . In addition, we presumed hip arthroscopy in the presence of arthritis would result in a smaller improvement in hip pain and function and therefore result in lower postoperative utility than patients without arthritis ( Table 1 ).
In the hip arthroscopy treatment arm, two scenarios were considered: (1) hip arthroscopy provides symptomatic relief only and has no impact on the progression of arthritis; and (2) hip arthroscopy alters the natural history and results in delay in the progression of arthritis. To make a conservative estimate, the benefit of arthroscopy was estimated to last 3 years, which is equivalent to the longest followup currently available for arthroscopic treatment of FAI lesions. The effect of a longer duration of benefit was then explored using sensitivity analysis.
The model used a 1-year cycle length over a lifetime horizon. Age-adjusted death rates were used based on 2005 US life tables. A 3% discount rate was used for analysis, per the recommendations of the US Panel on Cost-Effectiveness in Health and Medicine [16, 35, 38] , and the impact of a higher discount rate was explored in sensitivity analysis. A first-order Monte Carlo simulation was used to incorporate the impact of an increasing rate of THA failure based on the age at the time of the initial surgery. It was also used to explore the impact of a delay in the decision to undergo THA after developing end-stage arthritis. This was accomplished by allowing the individuals in the simulation to remain in the poor health state without undergoing THA for up to 20 years. With each simulation the delay was chosen at random from a uniform distribution from 0 to 20. For each scenario, 100,000 microsimulations were performed to reach a stable solution.
A comprehensive review of the literature was performed to identify studies reporting the Harris hip score [17] after arthroscopy for FAI (Table 2) [3, 7, 18, 23, 26] . The modified Harris hip score [6] , which includes only pain and function (91 points) and excludes the ROM and deformity components (9 points), was reported in most studies. These scores were adjusted to the 100-point scale by assuming a full score for the ROM and deformity components, ie, adding 9 points. Utilities (the individual patient preference for a health state) were derived from this ''corrected'' Harris hip score by linear extrapolation of a previously described algorithm by Chang et al. [11] . The midpoint of each range in Harris hip score was plotted with the corresponding utility, and a linear fit was performed. Using this algorithm as well as a weighted average of the Harris hip scores ( Table 2) yielded an estimated utility before and after hip arthroscopy of 0.75 and 0.94, respectively. The postoperative utility for patients with arthritis was based on the study by Phillipon et al., who demonstrated a smaller improvement in the Harris hip score of 10 points for patients with joint space less than 2 mm [26] . Using the aforementioned algorithm, this translated to a postoperative utility of 0.84.
Disutilities are transient decreases in utility resulting from undesirable events such as the period of pain and decreased function after major surgery [19] . A prior study applied a disutility of 0.1 to primary THA, 0.12 to revision THA, and 0.2 for revision as a result of infection with the assumption that a disutility of 0.1 is equivalent to 5 weeks of poor health [12] . For our model we applied the aforementioned disutilities to THA as well as a disutility of 0.05 to hip arthroscopy.
Major complications of hip arthroscopy such as permanent nerve injury [10] , femoral neck fracture [32] , and avascular necrosis [31] have been reported inconsistently across studies [20] . A review by Ilizaliturri estimated an overall complication rate of 1.5% with the majority being transient neuropraxias [20] . We included a 1.5% rate of complication and estimated 90% were transient and associated with a small disutility, whereas 10% were important and would result in poor hip function and the need for THA.
The inputs for the THA component of the model were also derived from the literature. The utility after primary and revision THA in the model was 0.9 and 0.81, respectively [13] . The annual failure rate of primary THA was predicted to increase with age beginning at 2.5% per year Fig. 2 The flow-state diagram demonstrates the discrete health states considered after hip arthroscopy. Patients begin with either good hip function or a complication, which can be major or minor. After a specified duration, they progress to fair hip function. The dashed line denotes the two scenarios considered in which hip arthroscopy alters the progression of arthritis or provides symptomatic relief only. In the latter scenario, patients progress from good hip function after arthroscopy to poor hip function at the same rate as patients with fair hip function. In contrast, if hip arthroscopy alters the progression of arthritis, patients only progress to poor hip function after the progression from good to fair hip function. In the observation model, all patients begin in the ''fair hip function'' state.
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The Cost-effectiveness of Hip Arthroscopy 1081 under age 50 years and decreasing linearly to 0.3% per year over age 75 years. This was derived from the 2008 report of the Swedish Hip Arthroplasty Register, which demonstrated survivorship of 65% and 95% at 17 years in these age groups, respectively [15] . Complications requiring readmission but not reoperation such as thromboembolic disease and superficial infection were considered minor, whereas major complications were those requiring reoperation. Major and minor complication rates of 2.1% and 6.7%, respectively, were derived from a study by Zhan et al. [39] . Of the major complications, a subset of 0.7% [15] was considered secondary to deep infection and therefore associated with additional cost and disutility [5, 34] . Revision THA was associated with an annual failure rate of 4.6% [2] , a major complication rate of 4%, and a minor complication rate of 11.7% [39] . Direct costs of hip arthroscopy for FAI were estimated from a review of the 10 most recent cases performed at our institution in 2010 US dollars. To estimate hospital costs from billed charges, a cost-to-charge ratio was calculated based on payments received relative to billed charges for the professional fees. This ratio was then applied to the total charges including facility and anesthesia fees for each procedure. The mean cost computed using this methodology was $11,850. Indirect costs of clinic visits, lost work, and productivity were not considered in the model because we assumed these costs were insignificant relative to the cost of surgery and likely to be similar between the two groups. However, we tested this assumption using sensitivity analysis by varying the cost of hip arthroscopy and nonoperative care and assessing the impact on the ICER.
Direct costs of primary and revision THA were estimated from a costing database at our institution to be $24,200 and $34,700 ( Table 1 ). The cost of a minor complication was estimated to be $10,000 based on the cost of hospitalization for pulmonary embolism from HCUPnet, the Healthcare Cost and Utilization Project online database [1, 37] . Major complications resulted in revision hip arthroplasty and were associated with the same cost and disutility, except in the subset of patients with deep infection, who faced an additional cost of $18,600 [34] .
One-way sensitivity analysis was performed to identify variables with the strongest influence on the ICER. This technique calculates the ICER across a range of plausible input values for a single variable. Threshold analysis is an extension of one-way sensitivity analysis that seeks to identify the value of a given variable where the preferred strategy shifts from one treatment to another. This was used to identify the duration of benefit that yielded an ICER less than $50,000/QALY and cost savings, if achievable. Twoway sensitivity analysis, which explores the preferred strategy across ranges of two variables, was used to assess uncertainty in the duration and magnitude of benefit simultaneously. Because there are a large number of uncertain variables, tornado diagrams were used to perform one-way sensitivity analysis on every variable in the model. These are then plotted together on the same scale of the ICER to determine which variables have the most impact. From these data, the variables that resulted in a change in the ICER of greater than $1000/QALY were included in a multivariate sensitivity analysis known as a probabilistic sensitivity analysis (PSA) or second-order Monte Carlo simulation. This method uses probability distributions (Table 3 ) rather than point estimates for select inputs to explore the impact of uncertainty in multiple parameters simultaneously. Ten thousand iterations of the model were performed for the PSA in each case drawing unique values from the distributions of the variables with the greatest influence over the ICER. The results were then plotted on cost-effectiveness acceptability curves, which show the likelihood of choosing each strategy as a function of the willingness to pay.
Results
Using the conservative estimate of only 3 years of symptomatic relief with no impact on the rate of progression to end-stage arthritis, the estimated ICER was $21,700/ QALY. The threshold for the duration of benefit resulting in an ICER less than $50,000/QALY was 1.1 years; that is, if the duration of benefit is greater than 13 months, the procedure has an ICER less than $50,000/QALY (Fig. 3A) . If hip arthroscopy delays the progression of OA for the same 3-year period, the ICER decreases to $19,200/QALY. If the progression is delayed by greater than 5 years, it becomes highly cost-effective (ICER less than $10,000/ QALY) and after 16 years, it becomes cost-saving ( Fig. 3B ). If only symptomatic relief is achieved, the procedure is never cost-saving regardless of the duration of benefit, but the ICER is highly favorable (ICER less than $10,000/ QALY) if symptoms are improved for greater than 8 years. For patients with preoperative arthritis and therefore lower postoperative utility and a higher rate of progression to poor hip function, the ICER was $79,500/QALY. The threshold for duration of benefit resulting in an ICER less than $50,000/QALY is 8 years (Fig. 3C) .
In addition to the duration of hip arthroscopy benefit and the presence of arthritis preoperatively, the ICER was most sensitive to the cost of hip arthroscopy and the improvement in utility postoperatively. The threshold for the cost of hip arthroscopy resulting in an ICER of $50,000/QALY was $27,300 (Fig. 4) . The threshold for the utility after hip arthroscopy resulting in an ICER of $50,000/QALY is 0.84, equivalent to a change in utility of 0.09 assuming a baseline utility of 0.75 (Fig. 5 ). The influence of improvement in utility after hip arthroscopy and duration of benefit on the ICER were assessed simultaneously in two-way sensitivity analysis (Fig. 6 ). To achieve an ICER of $50,000 with duration of benefit of 1 year, the utility would have to improve by 0.2. In contrast, for a duration of benefit of 10 years, the utility would have to improve by only 0.04 to achieve an ICER less than $50,000/QALY. Tornado diagrams demonstrated that the ICER was robust within a large range of cost and outcome of THA (Fig. 7) . Although all variables were tested (Table 1) , for clarity only those that resulted in a change in the ICER of greater than $1000/QALY over a plausible range of estimates are included in the diagrams. Variables pertaining to the cost and benefits of THA such as the cost, utility, and rate of failure and other complications had minimal effect on the ICER of hip arthroscopy in the case of symptomatic relief alone. In the scenario in which hip arthroscopy delays the progression of arthritis, there was a trend toward lower ICER with lower utility, higher failure rate, and higher cost of primary and revision THA. The utility of fair hip function was also important in this scenario because if the hip function of symptomatic FAI is extremely poor, then delaying THA can actually be a detriment. None of these variables, however, had sufficient impact on the ICER to alter conclusions. A first-order Monte Carlo simulation was performed to more accurately model the failure rate after THA and incorporate the decision to delay THA after developing end-stage arthritis. These changes had a minimal impact in the scenario of symptomatic relief only. In the case of a delay in the progression of arthritis, the ICER decreased to $18,000/QALY if there was no delay in undergoing THA with end-stage arthritis and $14,600/QALY Fig. 4 The incremental cost-effectiveness ratio as a function of the cost of hip arthroscopy is shown in a one-way sensitivity analysis. ICER = incremental cost-effectiveness ratio; QALY = quality-adjusted life-year. Fig. 5 The incremental cost-effectiveness ratio as a function of the utility after hip arthroscopy is shown in a one-way sensitivity analysis. ICER = incremental cost-effectiveness ratio; QALY = quality-adjusted life-year. if the waiting period ranged from 0 to 20 years at random. In the probabilistic sensitivity analysis, the ICER was less than $50,000/QALY in 85% of trials and less than $100,000/QALY in 97% of trials among patients without arthritis. In contrast, with preoperative arthritis, hip arthroscopy results in an ICER less than $50,000/QALY and $100,000/QALY in 23% and 51% of trials, respectively. The PSA is demonstrated graphically with the costeffectiveness acceptability curves, which are a graphic representation of the probability of preferring a strategy as a function of willingness to pay (Fig. 8) .
Discussion
There is a growing number of studies reporting the use of hip arthroscopy to address FAI, and with high prevalence and increasing recognition of the condition, there is likely to be increasing demand for the procedure. Although available evidence is limited, we describe an approach to determine the incremental cost-effectiveness of hip arthroscopy compared with observation in patients with FAI. As a secondary goal, we sought to identify sensitive variables that influence the cost-effectiveness of hip arthroscopy in this setting.
There are several important limitations of this study. First, the accuracy of estimates from any model is dependent on the quality of the inputs, which are in turn limited by the available literature. Specifically, the rate of progression of arthritis among patients with both treated and untreated FAI is unknown. It may have many determinants such as age, activity level, and degree of deformity that are not incorporated into the model. We would argue, however, that decisions regarding use of the procedure must be made regardless of the quality of evidence, and cost-effectiveness A B allows a quantitative synthesis of information, particularly in the case in which uncertainty exists that is preferable to a nonsystematic approach. Furthermore, important information regarding the relevant clinical questions for further clinical study can be elucidated. Second, we used a simplified model with discrete health states, which does not reflect the spectrum of disease and symptoms encountered in clinical practice. We believed our model provided a reasonable balance of accurately modeling reality without unnecessary complexity. Utilities could not be directly assessed for each health state by either direct administration of an empiric measure such as the standard gamble or by preference-weighted measures of health-related quality of life. Third, we used linear interpolation of a previously reported method of converting from Harris hip score to utility, but this has never been validated. This is an important limitation because our study identified a high degree of sensitivity to the postoperative utility. Fourth, we aimed to perform the study from the societal standpoint but were not able to obtain estimates of the indirect costs of hip arthroscopy. We did not believe this would be a major influence relative to the direct cost of surgery, particularly considering the differential between the hip arthroscopy group and the observation group is likely to be even smaller. We therefore believed direct costs could accurately serve as a surrogate for societal costs. Our analysis indicates that if hip arthroscopy provides an improvement in quality of life equivalent to a change in utility of 0.19 for greater than 13 months, the procedure has favorable cost-effectiveness regardless of its impact on the need for THA. For patients with baseline arthritis, a smaller improvement in quality of life and higher likelihood of progression of arthritis have been demonstrated in prior studies [9, 14] . As a result, hip arthroscopy is unlikely to be a cost-effective strategy in this setting. If a substantial delay in the need for THA among these patients were possible by performing hip arthroscopy, the cost-effectiveness would improve substantially, but there is no current evidence to support this idea.
One of the major goals of surgery to address FAI is to alter the natural history of arthritis and prevent the need for THA. In our model, a delay in the progression of arthritis of greater than 5 years resulted in a highly favorable costeffectiveness ratio, whereas a delay greater than 16 years resulted in cost savings. Whether hip arthroscopy has an effect on the progression of arthritis remains an unanswered question. In our review of the literature, several studies with less than 2 years followup showed rates of conversion to THA of 0% to 3%. A study by Philippon, in contrast, showed a rate of conversion to THA of 9% at 28 months [26] . Although not a valid statistical comparison, this is actually in excess of the rate of THA among a group of nonoperatively treated patients with FAI observed by Bardakos and Villar for 10 years [4] . Studies with a nonoperatively treated control group followed for a longer period of time are needed to address this question directly.
The use of arthroscopy in patients with radiographic evidence of arthritis preoperatively is controversial. Our results supported the idea that joint-preserving surgery among these patients is less effective than in patients with a lower likelihood of disease progression. If a period of symptomatic relief with improved quality of life can be achieved, our model suggests arthroscopic intervention in these patients may have moderate-to-low cost-effectiveness with an ICER between $50,000 and $100,000 per QALY. The majority of outcomes studies to date have excluded patients with Tönnis Grade 2 or 3 arthritis, making an accurate estimation of the outcomes among these patients difficult. However, our estimate of an improvement in utility of 0.09 maintained for 3 years may be optimistic at best.
In addition to longer-term studies with a control group, it is important that future studies administer outcome instruments that allow calculation of quality of life in addition to hip function. Preference-weighted survey instruments that allow calculation of utility such as the EQ-5D, SF-6D, or Health Utilities Index can be administered quickly and would allow more accurate estimation of the magnitude of benefit for use in decision analysis. To our knowledge, none of these instruments has been administered to patients with FAI before or after surgical intervention.
In conclusion, we have used a model-based approach to estimate the ICER of hip arthroscopy to address symptomatic FAI. Our model, which is limited by the poor quality of available evidence, suggests that among patients without radiographic evidence of arthritis, hip arthroscopy may produce a favorable cost-effectiveness ratio relative to other health interventions that are considered cost-effective. Although it is a purely hypothetical scenario based on current literature, the model supports the idea that if hip arthroscopy can prevent or delay the development of arthritis, the procedure may be highly cost-effective or even cost-saving. In contrast, our model suggests patients with FAI in the setting of arthritis receive a relatively small incremental benefit compared with the cost of hip arthroscopy, which negatively impacts the estimated costeffectiveness. Although our study does not allow us to confidently determine the cost-effectiveness of hip arthroscopy, our findings indicate future studies should collect cost data and assess quality of life using preferenceweighted generic instruments for both operative and nonoperative care at long-term followup. In addition, cohort studies are needed to determine the natural history of FAI, in particular the rate of arthritis and subsequent total hip arthroplasty compared with unaffected individuals and the impact of hip arthroscopy on the progression of disease.
